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The basic principles of the operation of a nuclear rocket 
engine are reviewed along with a summary of the early his-
tory. In addition, the technology status in the nuclear 
rocket program for development of the flight-rated NERVA 
engine is described, and applications for this 75,000-
pound-thrust engine and the results of nuclear stage studies 
are presented. Advanced research and supporting technology 
activities in the nuclear rocket program are also summarized. 
INTRODUCTION 
In presenting a paper on Space Nuclear 
Propulsion Systems and Applications for 
this National Symposium on Natural and Man-
made Radiation in Space, I am going to as-
sume that general remarks describing a 
nuclear rocket engine would give a valu-
able perspective for this distinguished 
audience of specialists in many fields. In 
addition, I will review the nuclear rocket 
program and discuss the use of the NERVA 
nuclear rocket engine in space flight mis-
sions. 
Let me summarize a few important points 
before discussing details. For 15 years Or 
so, the nuclear rocket program has been en-
gaged in providing the necessary technology 
for development of the initial nuclear 
engine for flight. This engine is known as 
NERVA. Based on a successful technology 
program, the development of NERVA was ini-
tiated in 1969 and received limited funding 
for two fiscal years, 1970 and 1971. At 
this time in history, March 1, 1971, the 
budget for FY 1972 proposed by the Adminis-
tration contains a rather low funding level 
for the nuclear rocket program, and the 
NERVA program and other important activities 
must be cut back substantially. It is im-
portant to realize that development of the 
NERVA engine is to be continued. Although 
maintained at a much reduced pace, we will 
try to retain som~ of the program capabili-
ty and to make progress on essential areas 
of a very important, versatile, and useful 
propulsion system for a variety of space 
missions of the future. The budgetary 
problem stems from the limited resources al-
located for advanced technology activities 
and the Space program and the need for funds 
in near term missions. This situation is 
summed up by a statement released by George 
Low, Acting NASA Administrator: "There is 
a need for the NERVA program. This need 
exists because nuclear propulsion repre-
sents a major breakthrough in the efficien-
cy of space propulsion; and because many 
advanced space missions depend on this. 
But there is not a need to proceed with the 
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full development of NERVA now. There are 
many programs that must be done before the 
capabilities represented by NERVA can be 
used -- these are the programs that are in 
our budget for FY 1972." 
DESCRIPTION OF 
THE NUCLEAR ROCKET ENGINE 
The essential features of a nuclear 
rocket engine system are shown in figure 1. 
After the liquid hydrogen propellant is 
pumped from storage in the rocket vehicle, 
it flows through the double-walled jet noz-
zle and the reflector to cool these compo-
nents. Appropriately designed passages 
guide the hydrogen through the turbine to 
drive the pump, through an internal shadow 
shield, and through the hot fuel elements 
of the solid reactor core. Fuel elements, 
containing uranium-235, are heated by the 
energy released during fission. This ener-
gy is transferred to the hydrogen which is 
accelerated to high velocities as it flows 
through the jet nozzle to produce the de-
sired thrust. 
Nuclear rockets offer performance ad-
vantages over chemical rockets because a 
nuclear rocket has a specific impulse ap-
proximately two or more times that of a 
high-energy chemical system. While nuclear 
rocket engines are heavier than equivalent-
thrust chemical rockets and While the pro-
pellant tankage of a nuclear stage tends to 
be larger because of the use of the low-
density hydrogen propellant, these penalties 
do not compromise the gains derived from 
the high specific impulse of nuclear rockets. 
In general, the net effect is a nuclear ad-
vantage of about 50% or more per stage for 
missions of moderate energy and over 100% 
for high-energy missions. These gains are 
possible for the initial nuclear rocket 
engine; greater gains can be expected with 
advanced propulsion concepts. 
This description of a nuclear rocket 
engine highlights certain important fea-
tures that have set the course for the pro-
gram to date. In order to achieve the 
desired high specific impulse, the reactor 
must heat hydrogen to very high tempera-
tures, approximately 40000 F for a specific 
impulse of 825 seconds. (Rocket engines 
that consume hydrogen-oxygen propellant can 
reach specific impulse values of 460 seconds~ 
Therefore, t he rocket reactor must be con-
structed of a high temperature material 
having an appropriately low neutron absorp-
tion cross-section. The reactor must be 
compact to conserve weight; however, the 
structural design must permit the extrac-
tion of large quantities of power from the 
mass of the reactor. To gain some perspec-
tive as to the magnitude of the reactor de-
sign problem, consider that a rocket reac-
tor produces 1500 Megawatts in a volume not 
much larger than an office desk. During 
every minute of operation, t he re actor heats 
a 3-ton-per-minute flood of hydroge n fr om a 
temperature of -3000 F to 40000 F. At operat-
ing conditions t he reactor material glows 
with a white heat like t ha t of the filament 
in an incandescent lamp. 
~~« material initially chosen for t his 
r~us service in a rocket r eac tor is 
g~~hite. This material has desirable 
Alullear properties and, more importantly, 
retains mechanical strength at extremely 
high temperatures. Graphite, at the ele-
vated temperatures required, reac ts readily 
with hydroge n at a r ate that would comp l ete-
ly ~estroy t he reactor in a few minutes un-
less some form of corrosion protection is 
pr®vided. The necessary protection is sup-
plied by metal carbide coatings t hat allow 
re~uired reactor l ifetimes to be ac hieved 
in tests at rated conditions as shall be 
diseu£sed. 
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LIQUID HYDROGEN 
TANK 
In addition to a high performance reac-
tor the nuclear rocket program had to pi-one~r in cryogenic engineering, development 
of liquid hydrogen turbopumps, fabrication 
of rbc'ket nozzles and, generally, unite 
liquid rocket engine technology with nuclear 
tec hnology to provide the basis for NERVA 
engine development. 
HISTORY 
Having described a nuclear rocket engine, 
we can now move on to a brief history of 
t he p rogram which has provided the basis 
for developme nt of a flight-rated nuclear 
rocket engine. Additional information on 
the operation of the nuclear rocket and the 
history of the program are contained in 
refere nce 1. 
Program Initiation & Technology Phases 
A joint AEC-Air Force nuclear rocket pro-
gram, knovm as ROVER, wa s initiated in 1955 
a t t he AEC's Los Alamos Scientific Labora-
tory and Lawrence Radiation Laboratory as 
a result of an interest in considering 
nuclear rockets for long-range missiles. 
When it was decided that nuclear rockets 
were not required for missiles, t he nuclear 
rocket program wa s continued for later ap-
pl i cat ion t o space missions. In March 1957, 
t he Los Alamos Scientific Labora tory (LASL) 
was selected as the single AEC laboratory 
for t he nuclear rocket program and Lawrence 
Radiation Laboratory was a ssigned the re-
sponsibility for researc h on nuc lear r amjet 
propul sion . 
In Oc tober 1958, upon t he establishment 
of t he National Aeronautics and Space Ad-
ministration, Air Force respons ibilities 
for ROVER were transferred to the new agen-
cy in keeping with t he dominant space role 
expected for nuclear rockets. The NASA Ad-
ministrator stated the view that t he ROVER 
program should proceed as fast as the tech-
nology would a llow and NASA continued the 
development, initiated by the Air Force, of 
the hydrogen turbopump required for the KIW I 
reactor tests. (The name KI WI wa s taken 
from the flightless bird, Apteryx australis, 
of New Zealand, because t hese reactors were 
not intended for flight systems.) 
The program initiation phase of the 
nuclear rocket program was highlighted by 
t he KIWI-A series of proof-of- princ i ple re-
actor t ests conducted at t he Nevada Test 
Site by LASL. Figure 2 shows the size of 
the KI WI-A reactor in relation to other re -
actors designed at LASL. These tests were 
as foll ows : 
1959 -
1960 -
KIWI-A Reactor: Operated for 5 
minutes at a power level of 70 
Megawatts at high temperature. 
KIWI-A Prime: Operated for 3 min-
utes at 85 Megawatts. 
KIWI -A3 : Operated for 5 minutes 
at 100 Megawatts . 
KIWI. 
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The KIWI-A series of reactor tests gave 
data on reactor design and control and 
demonstrated the value of carbide coatings 
for protection of graphite from corrosion 
against the ho t hydrogen propellant. 
Another important step was t he establish-
ment in 1960 of the jOint AEC-NASA Space 
Nuclear Propulsion Office for management of 
all nuclear rocket propulsive activities in 
both agencies. The name of t his organiza-
tion was changed to the Space Nuclear Sys-
tems Office in 1970 in recognition of its 
expanded responsibility for nuclear power 
a s well as propulsion. 
In May 1961, President John F. Kennedy, 
in an announcement that establis hed the 
Apollo program as a national goal, recom-
mended development of nuclear rocket pro-
pulsion technology and requested Congres s 
to add $30 million to t he FY 1962 ROVER pro-
gram budget. The NERVA (Nuclear Engine for 
Rocket Vehic le Application) project was born 
and NASA and AEC awarded a contract to 
Aerojet-General and Westinghouse for the de -
ve lopmen t of t he Los Alamos KIWI - B reactor 
into a NERVA nuc lear rocket engine for 
flight applications. 
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Late in 1961 the first of the KIWI-B 
. series of reactors was tested at the Nuclear 
' Rocket Development Station (NRDS) by LASL. 
This series of reactors was intended to ex-
amine, more specifically, design features 
that would be required in a flight system 
and to obtain experience with operation on 
liquid hydrogen. A second KIWI-B reactor 
test, KIWI-BIB, showed that rocket reactors 
could be stably operated with liquid hydro-
gen at high pressures, high-power levels 
and high-flow rates. This test was fol-
lowed by a test of a flight-type reactor 
designated KIWI-B4A which suffered a struc-
tural failure later proven to be caused by 
mechanical vibrations induced by the flow 
of hydrogen in the reactor core. Further 
"hot" reactor testing was postponed until 
solutions to these structural problems were 
found as demonstrated by the recent history 
of the nuclear rocket program. 
In the early 1960 l s a set of objectives 
was established to define the needed out-
put for a program to establish the basic 
technology of the nuclear rocket. These ob-
jectives of the technology phase of the pro-
gram are shown in figure 3. In the reactor 
area we had two sets of objectives. The 
first set was to achieve 760-seconds of spe-
cific impulse (Isp) with an endurance of an 
hour at 1100 Megawatts power. In addition, 
we set goals of higher performance to be 
achieved, if technology permitted, of up to 
825-seconds Isp and increases in endurance, 
power-density and power-level up to more 
than 4000 Megawatts. The engine system ob-
jectives encompassed the total known needs 
for operational characteristics, control and 
performance. In addition we had to assure 
that necessary non-nuclear technology, in 
such things as pumps, valves and other hard-
ware was available. In August of 1969 , we 
completed this program when the tests of a 
ground experimental engine (to be discussed 
later) fulfilled its objectives. 
NUCLEAR ROCKET PROGRAM 
TlchnololY Prolram Goals 
REACTOR 
NRX OBJECTIVES, I 160 Sit. Specific I mpulse for 
60 Minutes in BOO MW Reactor j (55,10) Pound Thrust) 
PHOEBUS OBJECTIVES, , I 
Increased Specific impuls. 1825 Sec.) 
Power Density Increase !5O'Io1 J ~ Power Increase (400) - 5IXXl MW) 
ENGINE SYSTEM 
Aaoo1cIlished in 
NRX-0\6 Rlidor 
Test 
Ciplbillty Shown 
In f'hoeI)US - IB 
and 
PhOebus - 2A 
EXPERIMENTAL ENGINES, I 
Determine System Characteristics Accomplished in 
During Start-Up, Full-Power, & L;;;;;;;;;;;;;;;;;;;;;;;;;;;;~~ NRXlEST and XE Test 
Shut-Down Conditions 155,10) ,. Programs 
Pound Thrust) 
EYlIluate Control Concepts 
Qualify Engine Test StJnd Operations 
EstabliShed In 
Provide Non-RoacIDr Technology Tests Usted AlKN. 
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Since the end of 1963, the nuclear roc~ 
program has operated successfully 10 reac-
tors, a breadboard engine system labeled 
NRX/EST, and a ground-experimental engine 
(XE). Figure 4 is a list of major test 
events in this program. Among the 10 dif-
ferent reactors were reactors operated at 
500, 1100, 1500, and 4200 Megawatts of ther-
ma l power, covering a spectrum of design pos-
sibilities. ,As shown on figure 5, the test-
ing program has accumulated more than 14 
hours of operation, of which, over four were 
at or near full design power. Restart was 
demonstrated in reactor tests; the NRX/EST 
was started 10 times, the XE, 28 times. 
Fuel-element performance, as demonstrated 
in the laboratory, has been extended from 
1964's 10-minutes endurance to a point at 
which now several elements have operated 
600 minutes with 60 cycles. As a result of 
these efforts, the reliability and opera-
tional stability of nuclear rockets have 
been shown to be very high, with a success-
ful record of operations as planned. In 
the process of gaining this experience, 
large amounts of design data have been ac-
cumulated and varying design concepts ex-
amined. 
Ground Experimental 
Engine (XE) Technology 
In addition to reactor activities, the 
technology program also has had the objec-
tive of understanding the characteristi~s 
of an integrated engine system. This alm 
was partly accomplished in the breadboard-
engine system test program ( NRX/EST ) con-
ducted in 1966 in reactor Test Cell A at 
the Nuclear Rocket Development Station and 
completed with the testing of the Ground 
Experimenta l Engine (XE) using the Engine 
Test Stand, ETS-l, at NRDS. 
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REACTOR AND E/IGINE SYSTEM CUMULATIVE TEST TIME 
TIME IN MINIJl£S 
900 
800 
400 
JOO 
200 
100 
1964 
1964·1989 
FIGURE 5 
879 MINIJl£S 
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Figure 6 is a comparison of the XE con-
figuration with that of the breadboard-
engine system test (NRX/EST). The funda-
mental characteristics of both these sys-
tems are the same; the reactor, turbine, 
pump, nozzle, lines and valves are quite 
similar. However, in the XE engine, these 
components are arranged in a configuration 
closer to that of a flight system, and the 
use of a closely-coupled liquid-hydrogen 
run tank and the operation in a partially 
evacuated test compartment are new aspects 
of the XE test in ETS-l. All of these fea-
tures reflect a closer simulation of the 
conditions which are expected to playa 
role in NERVA development. 
NERVA ENGINE TECHNOLOGY TESTING 
" .. UDIO •• O" £NaIN£ SYSTEII TEST 
IN.X/ESTI 
N"'S"' N~'-IOI' 
'-3-6' 
TEST STAND su,nSTlUCTUIIIl 
E"'IIE UIII .. £T($T 
COM'AIIUtfJI' 
~EI"AUST 
 DUCT 
aROUND EXPERIIIENTAL ENGINE IXII 
PI GURl: 6 
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The actual configuration of XE is sh own 
in figure 7 wh ic h is a photograph t aken of 
the engine in t he test stand, ETS-l, at 
NRDS. An internal view of the XE engine is 
shown on figure 8. It illustrat es t he test 
stand adapter and propellan t s hu toff valve, 
t he upp er s ubassembly including t he t u r b o-
pump, and the lower sub a ssembly i ncluding 
t he re actor, nozzle and various lines. 
Finally, to complete t he configur a tion of 
test equipment, figure 9 is a r ecent pho to-
graph of ETS-l s howing t he engine t est com-
partme nt, side s hields, r un t ank and exhaust 
duct. 
GROUND 
EXPERIMENTAL 
ENGINE IXE ) 
INSTALLED 
IN ETS·' 
NUCl!.1 Iccru 
OfYtlO,,.rNT STATION 
, 
ENGINE TEST 
STAND NO.1 
NUC,-EAR ROCKET 
DEVELOPMENT 
STATION 
ASA NP067-1572 • 
REV . 1-1 5 ~9 
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On August 28 of 1969, the XE experimental 
nuclear rocket engine was put through its 
l~st two test operations. These tests were 
high impulse start-ups to determine how the 
engine could be brought to power while main-
taining an exit gas temperature as high as 
possible to minimize the impulse lost while 
the engine is at low power. These tests, 
the final in the XE engine series, made a 
total of 28 tests on this engine in the 
period beginning March 20, 1969. The total 
operating time was just under four hours at 
various power levels in a test program sum-
marized in figure 10. During this period 
of time, we ha d only one significant com-
ponent failure and that compo nent was re-
placed to permit continuation of t he test 
program. 
During the XE engine series, the opera-
tion of ETS-l, a unique test fa c ility capa -
ble of testing nuclear rocket engines i n a 
down-firing attitude, was also demonstrated . 
The two special conditions which made the 
operation of ETS-l of more than norma l dif-
ficulty compared to chemical rocket t est 
stands were (1) the high radiation fields 
surrounding the test stand, which made it 
necessary to operate the entire stand re-
motely and restricted subsystems to those 
capable of operating reliably in radiat ion 
fields, and (2) the down-firing of an engine 
with a pure hydrogen exhaust under condi-
tions of near vacuum startup. The XE test 
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GROUND EXPERIMENTAL ENGINE (XE) TEST SUMMARY 
I[\T PERIOD, 3110169 - 8IZ8I69 
EXPERIMENTS CONDUCTED 
ITARTUP INVlITlGATlONS 15 
PERFORMANCE CHARACTERIITICS 
AT HIGH POWER 6 
ENGINE DYNAMIC PERFORMANCI: 10 
FACllITYEVAlUATlON 4 
1l!t!'!t!lill-18ITST OPERATIONS, 
J HOURS 48 MINUI[\ Of OPERATION 
F'I GIJRE 10 
STitUCTUlAl lIMIT 
NASA Nf'070-126 
(t." . I) l-lO-10 
series was an excellent test for the ETS-l 
facility. The tests exercised the facility 
over the full range of its capabilities. 
Experience was gained in remotely replac-
i ng radioactively "warm" components, and in 
operations involving t he full range of 
control dynamics for the test stand as well 
as the engine. 
In summary, from the data gathered dur-
ing the XE series and the preceding tests, 
we have learned a great deal about how to 
design a reliable flight engine. We have 
also demonstrated that the nuclear rocket 
is basically a highly reliable, safe, and 
predictable engine. 
NERVA ENGINE DEVELOPMENT 
During the past year the design of the 
NERVA engine has proceeded on schedule. We 
have c ompleted the baseline design and have 
near ly completed the formal design review. 
The des i gn baseline and specifications for 
the overall engine and nucle ar subsystem 
have been t horoughly documented in accord-
ance with the strict systems engineering 
approach being employed. 
The resulting -overall engine design is 
pictured in a photograph of the engine mock-
up on figure 11 and the cutaway drawing on 
fi gure 12. The thrust will be 75,000 pounds 
and t he specific impulse 825 seconds. The 
engine will be highly reliable and safe in 
operation due to the use of very conserva-
tive design and employment of a high degree 
of redundancy in the moving parts such as 
valves and turbines. The endurance goal is 
10 hours and the engine will be capable of 
many start and stop cycles, based on the 
.requirements of an orbit-to-orbit shuttle 
mission with a reusable nuclear sta 
n :nRE 11 
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Figure 13 illustrates the systems engi-
neering approach being used for the NERVA 
engine design. The design starts with the 
establishment of requirements and then in 
orderly sequence proceeds through the steps 
of developing functional requirements, al-
locating those requirements to specific 
components or systems, conducting design 
and trade studies to select designs which 
meet the requirements, developing designs 
of both the overall system and the compo-
nents based on the selected concepts, and 
producing specifications and extensive engi-
neering data to provide the baseline for 
the development of the engine. All of the 
activities shown on this chart with the ex-
ception of detailed component design and 
development are finished or scheduled to be 
finished this fiscal year. 
With the completion of the overall de-
sign we are now in a position to intensify 
efforts on detailed design of the compo-
nents and to release long lead-time material 
procurements and fabrication actions. Be-
cause of budget limitations, progress can 
only be made on some of the most critical 
of the development hardware items, including 
the turbopump, the nozzle extension, the re-
actor fuel elements and support system and 
the evaluation and characterization of vital 
materials in radiation and other applicable 
environments. These components will be fab-
ricated and test programs to evaluate some 
of them will be started in FY 1972. In this 
manner, some technical progress will be 
made and a capability will be retained which 
will permit resumption of the full develop-
ment program when that becomes possible. 
M[RYI otSlt£ D£VELOPM£Jn 
SYSTEM ENGINEERING FLOW DIAGRAM DEFINITION PHASE 
FIGURE 13 
NERVA APPLICATIONS 
The NERVA engine is the only practical 
propulsion system which can be made avail-
able to meet the requirements of many mis-
sions in prospect for the 1980's. The re-
port of the President's Space Task Group 
proposed a space transportation system to 
cut the .cost of access to space. One ele-
ment of this system is a space shuttle to 
deliver payloads at low cost to an orbit 
about the Earth. The other major element 
is a NERVA-powered nuclear stage to go be-
yond the orbital range of the space shut-
tle. The high specific impulse of the 
NERVA engine, with the potential for further 
performance growth,makes it a flexible, 
economical propulsion system for a wide 
range of applications. 
When it becomes appropriate to resume 
manned lunar exploration after the Apollo 
program is completed, a system with the 
capability of the NERVA engine will be 
needed to transport men and equipment to 
and from the moon (figure 14). The NERVA-
propelled nuclear stage could provide trans-
portation of automated spacecraft for ex-
ploration of the surfaces of Mars, Venus, 
Mercury, some of the moons of Jupiter and 
certain asteroids. The return of samples 
to the Earth will be possible in some cases. 
In addition, the nuclear stage could send 
spacecraft on fast trips to the distant 
planets, reducing trip times by several 
years in comparison to other propulsion 
units. Another application would likely 
be to move large payloads between low and 
synchronous orbits or from one orbital 
plane to another. It is expected that at 
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least some of these missions will OCCur 
early in the 1980's. In fact, it is pos-
sible that nearly all complex missions be-
yond those in low orbit could be planned 
around the use of the NERVA stage in much 
the same manner that the space shuttle is 
considered to be the launch vehicle for 
virtually all purposes. 
NERVA MISSIONS 
NASA NS071-3-453 
2-3-71 
FIGURE 14 
Nuclear Stage Definition Studies 
In order to provide information on 
nuclear stages needed for mission analysis, 
engine design, and program planning, studies 
are conducted under contract to define the 
characte.ristics of a complete system for use 
with the NERVA engine. Illustrative of 
this work are the sketches (figure 15) of 
the various nuclear stage configurations 
under study. These range from the single, 
large-tank version to the cluster of multi-
ple small tanks each one sized to fit with-
in the cargo bay of the orbiter stage of 
the space shuttle. 
The configurations on the left side of 
figure 15 show how shielding considerations 
affect stage design. The long conical aft 
bulkhead provides added distance between the 
source of radiation and a detector at the 
payload end of the stage and eliminates the 
scattering centers that would be present in 
a conventional ellipsoidal aft bulkhead. ~ 
modular tank concepts achieve desired dis-
tance and tank geometry through proper ar-
rangement of the tanks. Vehicles with large 
single propellant tanks could be launched 
into Earth orbit with the Intermediate-21 
or an equivalent disposable launch vehicle 
NUCLEAR STAGE CONCEPTS 
A 
PROPELLANT 
TANK 
S INGLE TANK PROPELLANT TANK 
WITH SMALL PROPULSION 
MODULE 
LARGE TANK CONCEPTS 
PROPELLANT 
MODULE 
PROPULSION 
MODULE 
MODULAR CONCEPTS 
FIGUR.~ 1'-, 
COMMAND 
AND 
CONTROL 
MODULE 
PROPELLANT 
MODULES 
7, 8, OR 10 
MODULES 
PROPULS ION 
MODULE 
NA'iANc;o71-3469 
2-11-71 
and then reloaded with propellant by space 
shuttle flights. Other nuclear vehicle 
configurations might be launched by the 
space shuttle (figure 16). These modular 
vehicles launched the the shuttle are par-
ticularly versatile since the size of the 
vehicle can be changed to fit many types of 
lunar and planetary science missions by 
varying the number of propellant modules. 
NUCLEAR STAGE 
WITH OR 
WITHOUT ENGINE 
STANDARD 
LAUNCH 
VEHICLE 
son 
LAUNCH CONCEPTS FOR NUCLEAR STAGES 
SPACE SHUTTl£ 
DRBITER 
SPACE SHUTTLE 
BOOSTER 
CHEM ICAL 
ORBIT INSERTION 
STAGE 
LARGE 
NUCLEAR STAGE 
MODULE 
SPACE SHUTTLE 
BOOSTER 
NASA NS071-3-468 
2-11-11 
Lunar Shuttle Applications 
A typical use of the nuclear vehicle in 
the reusable orbit-to-orbit mode would be 
in support of manned lunar operations in 
which lunar stations or bases, equipment 
and supplies are delivered from Earth orbit 
to the lunar vicinity and personnel are ro-
tated on a regular basis. A nuclear vehicle 
with a usable propellant capacity of 305,000 
pounds (8 propellant modules) wo~ld support 
a minimum manned lunar program wlth an av-
erage of six flights per year. A t~o-stage 
chemical vehicle capable of supportlng the 
same lunar program would require a total 
usable propellant of 520,000 pounds; the 
corresponding Earth-orbit departure weight 
would be nearly 705,000 pounds. 
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Solar System Exploration With 
NERVA Engine and Stage 
The nuclear stage concept formed by as-
sembling shuttle-launched propellant tanks 
has some interesting prospects for conduct-
ing missions to explore the solar system 
with automated spacecraft. First, the sys-
tem could be made available to perform 
prospective energetic missions in the early 
1980 1 s. Second, the nuclear stage could be 
tailored to suit the mission requirements 
of payload and energy by choosing the num-
ber of propellant tanks needed. Third, the 
NERVA engine could be operated at high spe-
cific impulse since short operating times 
would be required. Fourth, additional per-
formance gains can be achieved by disposing 
of propellant tanks as they are emptied. 
The'sum of all these features is a propul-
sion system that is flexible and economical 
with the capability to perform a range of 
missions, including very demanding ones. 
One mission we have examined is the re-
turn of samples from the surface of Mars by 
means of an automated spacecraft. A nuclear 
stage configuration consisting of 5 propel-
lant tanks can deliver a payload of 35,000 -
65,000 pounds into orbit around Mars. This 
payload would allow 160-240 pounds of materi-
al to be selected by roving vehicles from 
two or three different locales of the Martian 
surface for return to Earth. The mission 
duration would be about 600 days. 
Studies of sample return missions from 
other bodies in the solar system are in pro-
cess or planned. Preliminary results show 
that this nuclear stage could make it possi-
ble to recover samples of the Venusian at-
mosphere (if not the surface), of the surface 
of Mercury, and of many asteroids. 
Another interesting application for the 
reusable nuclear stage would be to deliver 
orbiting automated laboratories to the dis-
tant planets. A preliminary study of such 
missions shows that the NERVA-propelled 
stage of only 4 propellant tanks could car-
ry 4000 pounds of payload to an orbit about 
Jupiter on a trajectory that consumes only 
500 days of travel time. The short trip 
time of the nuclear rocket is preferred for 
the sake of an increase in probability of 
mission success and to speed the return of 
data to the scientific investigators. 
Short trips to the planets beyond Jupiter 
would also be much desired. The NERVA-
propelled stage could deliver about 4000 
pounds of spacecraft to Neptune in approxi-
mately 6.5 years on a direct flight and in 
4.8 years with an assist from a Jupiter 
swingby, a performance capability compara-
ble to a 100-kilowatt electric propulsion 
system having a specific weight in the range 
of 30 kilograms per kilowatt. 
the attainment of the ultimate in perform-
ance. The existence of this vast potential 
for nuclear propulsion stimulates programs 
to extend technology and to explore the 
feasibility of new concepts for utilizing 
nuclear energy to the maximum practical 
extent. 
Structural limitations associated with 
solid fuel elements restrict the specific 
impulse of NERVA-type systems to 1000 sec-
onds. For many years, the nuclear rocket 
program has conducted research and studies 
to ascertain the feasibility and perform-
ance potential of nuclear fission reactors 
in which the fuel is in the gaseous state 
and for which the potential specific im-
pulse is as high as 5000 seconds. These 
In addition to this propulsion capabili- systems are classed as gas-core nuclear 
ty, it appears that .the NERVA engine could rockets. Two concepts are receiving atten-
also be designed, if desired, to provide 15 tion at this time, the coaxial flow and 
to 25 kilowatts of electrical power for long light-bulb reactors. 
periods of time. A study managed by Marshall 
Space Flight Center has described a technique The coaxial flow reactor consists of a 
for generating this much power from the NERVAlarge nearly spherical cavity surrounded 
reactor with only relatively straightforward by a moderator-reflector system (figure 17). 
modifications in the basic engine and with Vaporized uranium would be centered in the 
little or no extension of power-conversion cavity, held there by the action of the 
technology. In the power-generating mode, hydrogen propellant flowing through the por-
the NERVA reactor would be operated at low ous walls of the cavity. Heat generated in 
power levels (100 kilowatts) and low temper- the fissioning uranium plasma would be 
atures. A separate flow-loop through the transferred to the hydrogen by thermal radi-
reflector region would carry the energy from ation. The light-bulb reactor consists of 
the reactor to a power conversion unit. In several cylindrical cavities each contain-
addition to providing power, this kind of ing a transparent wall of fused silica used 
system would reduce and simplify the after- to separate the gaseous uranium from the 
heat removal from the NERVA reactor follow- hydrogen propellant (figure 18). (In con-
ing operation in the high-power, rocket- trast to the coaxial concept, no uranium 
engine mode. would be carried away with the hydrogen 
SUPPORTING AND ADVANCED TECHNOLOGY 
The nuclear rocket program continues to 
fund research and advanced technology ac-
tivities aimed at realizing the full poten-
tial of nuclear energy for space propulsion. 
Some of this work extends the technology of 
solid-core nuclear rocket engines to high 
levels of specific impulse and power densi-
ty. Other activities are providing a base 
of techn~logy for development of a nuclear 
stage, and studies are conducted to define 
characteristics and capabilities of nuclear 
stages. A program of applied research and 
engineering studies is conducted to evalu-
ate the feasibility of advanced nuclear 
propulsion concepts including both fission 
and fusion reactions as sources of energy. 
Advanced Propulsion Concepts 
While NERVA represents a major advance-
ment in space propulsion, nuclear energy 
can potentially provide even greater imprOle-
ments in performance of space missions be-
yond that possible with NERVA. In techni-
cal terms, nuclear processes yield the high-
est known specific energy (energy per mass 
of reactants) releases. Theoretically, 
nuclear energy could produce a specific im-
pulse of 1 million seconds; however, there 
are major technical problems that prohibit 
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stream.) Thermal radiation must pass thro~ 
the transparent wall in order to heat the 
hydrogen to desirable temperatures. 
COAXIAL-FLOW GAS-CORE 
NUCLEAR ROCKET 
FIGURE 17 
NASA NPO 70-878 
1-26-70 
In bot h concepts we are dealing with ver~ difficult questions of feasibllity, 
and t h ere are a number of NASA-sponsored 
research programs involved in getting an-
swers. While this work is broad in scope 
it is limited to studies of fu ndamental 
problems. Basic studie s a re conducted to 
define the emission and absorption of t her-
ma l radiation in u r an i um a nd hydrogen plas-
mas a t h igh tempera tures a nd pressures. The 
use of ultra-fine particles to "seed" hydro-
gen to make it opaque is t he s ubject of ex-
perimental programs and considerable effort 
is devoted to providing electrically-heated 
plasmas hot enough to explore t h ermal prob-
lems of ga s-core reactors. Other research 
i nc l ude s fluid mechanics, r adiation-effects 
on transparent ma terials, system ana lysis, 
and stability of high-density plasmas. 
Other concepts besides these gas core re-
actors are being studied in the nuclear 
rocket program. This past year we initiated 
a small program to investigate a dust-bed 
reactor concept and its potential for a high-
power density. A unit such as this would be 
useful in applications where high-thrust and 
moderate engine weight are essential. In ad-
dition, we began sponsorship of some research 
at the Lewis Research Center into that area 
of plasma physics related to the production 
of propulsive thrust from a controlled fusion 
reaction. This step appeared appropriate in 
view of the progress reported recently in the 
fusion research programs throughout the world. 
Recently reported advancements in pulsed-
lasers and predictions that fusion plasmas 
could be produced thereby have generated in-
terest in this form of energy production. 
LASL has begun studies and research into the 
means by which a laser-ignited fusion reaction 
could be applied to propulsion and power gen-
eration. Indications are that high specific 
impulses could be produced at high thrust 
levels. 
It is not possible to say at this time, 
as we can for the NERVA engine, whether any 
of the advanced systems described above can 
be successfully developed. The technology 
is extremely difficult. In spite of these 
difficulties, we are of the opinion tha~re­
search into the feasibility of all these ad-
vanced concepts should continue at a modest 
level of funding. Through support of this 
research, breakthroughs may be stimulated 
or we may find the job in some areas to 
be less difficult than now expected. Even 
if this does not happen, the very nature 
of these advanced propulsion concepts 
places the research at the frontiers of 
technology in high temperature plasmas 
radiant heat transfer, lasers, fluid m~­
chanics, materials, etc. The output of 
this research will be beneficial in many 
areas even if a new propulsion capability 
is not produc ed. 
REFERE NC E 
Progr ess i n these gas - core programs has 
be en encouraging within t he context of the 1. 
limi t ed funding applied i n t h is a re a . Some 
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of this progres s is as foll ow s. Plasmas 
have been produced with equivalent radiat-
i ng temperatures hotter t han t h e Sun . In a 
smal l but significant first step, seeded 
hydrogen has been heated for t he first time 
in a l aboratory by therma l radia tion a lone 
to temperatures in exces s of 40000 R. Small 
scale t ests of a coaxial flow re ac t or con-
figuration have been conduc ted with i nduc tion-
heated pla~mas, and a porous wal l, and vapor-
i zation of a solid to simu l ate formation of 
a uran i um p l asma . I n t he a rea of s ys tems 
studies, ana l yses have shown a coaxia l-flow 
gas cor e reactor may be capable of achieving 
a specifi c impulse in the range of 5000 
seconds. 
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